Ultraconserved elements (UCEs) are genomic regions that are highly conserved among vertebrates and are under extreme purifying selection. Despite this extreme conservation, the biological importance of UCEs has remained elusive thus far. Here, we investigate the relevance of 93 UCEs for survival and fitness of mouse embryonic stem cells (mESCs) utilizing CRISPR/Cas9 technology. Surprisingly, systematic analyses of deletion clones revealed no measurable effects on mESC viability, proliferation or morphology.
INTRODUCTION
The human genome comprises approximately 3 billion base pairs, of which 5-10% are under evolutionary constraint (Lindblad-Toh et al. 2011) . About a third of these constrained regions encode for proteins (Abascal et al. 2018) , while the rest is allocated to non-coding regions, which include non-coding RNAs and regulatory elements such as promoters, enhancers, silencers, and insulators that control gene expression (Hoffman et al. 2013 ). The most extremely conserved genomic regions are called UltraConserved Elements (UCEs).
These genomic regions were initially defined as being more than 200 bp long, with perfect sequence identity between human, rat, and mouse (Bejerano et al. 2004) . According to this criterion, 481 UCEs have been identified in total. Many UCEs are also conserved in other mammals and non-mammalian vertebrates such as chicken, frog and fish (Bejerano et al. 2004) , signifying that UCEs have been under strong purifying selection for more than 450 million years and implying that they have important biological functions ). Furthermore, population genetics has revealed that polymorphisms inside UCEs have very low derived allele frequencies, suggesting that these elements are indeed under strong purifying selection and not simply mutational cold spots (Drake et al. 2005; ; Katzman et al. 2007; ; Sakuraba et al. 2008 ).
Of the 481 UCEs, 111 overlap exons and might have additional roles in mRNA processing and alternative splicing (Bejerano et al. 2004; ; Lareau et al. 2007; ; Ni et al. 2007 ).
The remaining 370 UCEs are non-exonic elements located in intronic and intergenic regions (Bejerano et al. 2004) . A number of these non-exonic UCEs has been proposed to function as gene-regulatory elements, as many are able to direct tissue-specific expression in transgenic mice (Nobrega et al. 2003; ; Woolfe et al. 2005; ; Pennacchio et al. 2006; ; Visel et al. 2008 ). In addition, these UCEs are often found near key developmental genes (Bejerano et al. 2004) and exhibit preserved synteny and distances between themselves and their flanking genes (Simons et al. 2006) . Strikingly, despite the fact that the extraordinary degree of constraint on UCE sequences strongly implies that they are functionally important (Woolfe et al. 2005) , previous studies found that some UCEs are dispensable for the viability of mice. Specifically, transgenic mice with four UCEs deleted individually (Ahituv et al. 2007) or in pairs (Dickel et al. 2018) have been generated. The selected UCEs drive tissue-specific expression of a reporter gene in transgenic mice and are located near protein-coding genes that cause marked phenotypes when deleted. Contrary to expectations, heterozygous as well as homozygous mice of both sexes with individual or paired deletions of the UCEs were viable and fertile. Only simultaneous deletion of two UCEs adjacent to the Arx gene resulted in body mass reduction and a decrease in the density of cholinergic neurons in the striatum, although without a change of overall size or structure of the organs (Dickel et al. 2018 ). The results suggested that either the functions of chosen UCEs are only relevant in a non-laboratory environment or that the elements are highly redundant. Alternatively, the tested UCEs may not be representative of non-exonic UCEs in general.
In addition, it is possible that the effect of UCE deletions in relevant cells or organs is masked at the whole-organism level by compensatory mechanisms (Juarez-Carreño et al. 2018 ). If this is the case, UCE knock-out (KO) in cell lines, where these compensatory mechanisms are not expected, could result in measurable phenotypes. We therefore sought to test this hypothesis in large-scale by deleting UCEs using CRISPR/Cas9 technology. Since many UCEs are predicted to be developmental enhancers, mouse embryonic stem cells (mESCs) were chosen for these experiments since these cells are the closest approximation to the developing embryo. Moreover, mESCs preserve their potency to differentiate (Poh et al. 2014) , providing an opportunity to analyze the differentiation potential of modified cells.
RESULTS

Hetero- and homozygous deletion of 93 UCEs
To investigate the role of a large number of UCEs for mESC viability, we selected nonexonic UCEs that likely have regulatory activity in mESCs. To assign putative regulatory functions to each UCE, we made use of regulatory annotations generated by the human and mouse Encode projects (Consortium 2012; . Specifically, we overlapped UCEs with regulatory annotations generated by ChromHMM, a method that integrates a variety of DNase-seq and ChIP-seq data of various histone modifications and assigns regulatory classes to genomic regions (Ernst and Kellis 2010; ; Ernst and Kellis 2012) . We selected 54
UCEs that overlapped enhancers and/or binding sites for important pluripotency transcription factors (Oct4, Sox2, Nanog) in human or mouse ESCs (Supplemental_Table_S1). Therefore, these UCEs may have a role in ESC maintenance. In addition, we selected 26 UCEs that are classified as enhancers active in the brain and in endothelial cells, allowing us to test the effect of UCE deletion during the differentiation of mESCs into other cell types. We also included 13 non-enhancer UCEs as controls, some of which are located near predicted enhancer UCEs, allowing us to perform redundancy tests. Altogether, 93 non-exonic UCEs were selected for knockout in mESC (Supplemental_Table_S1). Of them, 50 showed enhancer activity in mouse embryos at e11.5 (Visel et al. 2008) . To control for transfection efficiency and toxicity in our experiments, we finally included a genomic control region that does not contain genes or other conserved sequences.
In order to delete individual UCEs from the genome we utilized the power of CRISPR/Cas9 technology. For this we generated a mESC cell line stably expressing Cas9 and designed two sgRNAs flanking each target UCE. Pairs of sgRNAs for individual UCEs were cloned into a piggyBac vector (Supplemental_Figure_S1) and transfected into mES-Cas9 cells in an arrayed format together with a transposase expression plasmid (Figure  1 ).
To investigate the efficacy of the employed gRNAs, we performed PCR analyses to detect UCE-overlapping deletions in the genome of cell pools. For all pools, we detected PCR bands signifying the deletion of the targeted UCEs (data not shown), demonstrating that 6 CRISPR/Cas9 genome editing is suitable for the generation of genomic deletions of UCEs.
However, for all 93 PCR assays performed, the wild-type (WT) band was also visible ( Figure   1 ), raising the possibility that homozygous UCE deletions might be lethal. To investigate this possibility and to quantitatively assess frequencies of homo- and heterozygous deletions, we single cell sorted multiple clones from each pool and analyzed deletions in a total of 3478 single clones (Figure  1) , with an average of 37 clones per UCE. Surprisingly, for all 93 target UCEs, we identified clones harboring homozygous deletions, validated with PCR and sequencing (Supplemental_Figure_S2). Of all the clones, about 10% were homozygous for the desired deletions, and about 13% had a heterozygous status. The rest of the analyzed clones had small indels in the sgRNA target sites but no full-length deletions. Detailed information about all evaluated clones is presented in Supplemental_Table_S2. All acquired clones were stable in culture, although they had slightly different growth rates and morphology.
Since we observed the same growth rate and morphology differences in sorted WT clones, these effects were likely not the consequence of the deletions but instead reflect natural clonal variability. Therefore, we conclude that homozygous deletions of 93 different UCEs can be produced and have no adverse effects on mESCs growth and viability. the amplicons expected after deletion are marked with an asterisk. Since UCE deletion was incomplete, as shown by the visible wild-type band, we sorted single cells and performed a 8 total of 3478 PCRs to detect clones with a heterozygous and homozygous deletion. Portion of the analyzed electrophoretograms is presented. Homozygous UCE KO clones were used in different assays, including test for differences in fitness, stress resistance, and developmental potential. HeZ - heterozygous clones, HoZ - homozygous clones.
UCE knock-out and wild-type clones exhibit similar growth in direct competition
Although analysis of clones with homo- and heterozygous UCE deletion did not reveal severe effects, subtle growth defects may not be visible in isolation. To account for this possibility, we used a competitive cell growth assay to compare fitness of wild-type mESC and UCE deletion clones directly in the same well under the same conditions. A similar assay has been informative in Drosophila melanogaster embryos (Morata and Ripoll 1974) , where a mixed cell population contained 'winner cells' with a higher fitness that gradually eliminate 'loser cells' with a lower fitness via competition-induced apoptosis, although loser cells grown alone were viable (Tamori and Deng 2011; ; Merino et al. 2016) . Importantly, this competition assay was shown to be sensitive in detecting even subtle growth differences between two populations of cultured mammalian cells, which can be due to differences in proliferation rate, signaling, metabolism, or genome stability (Eekels et al. 2012; ; Sancho et al. 2013; ; Penzo-Mendez et al. 2015) .
To assess cellular fitness of KO clones in a competition assay, we selected the three UCEs for which the lowest proportion of homozygous UCE deletion clones was detected (uce42, uce118 and uce291). We reasoned that if the low percentage of detected KOs reflects the importance of the deleted UCE, tested clones should be more vulnerable in the direct competition with wild-type cells. To directly compare fitness, we mixed wild-type mES cells expressing GFP with clones carrying homozygous deletions of uce42, uce118 and uce291 and measured the percentage of GFP-positive cells over the course of 18 days by FACS (Figure  2A  and  B ). If deletion of a UCE confers a subtle disadvantage compared to wild-type clones, we expected that wild-type clones will outcompete UCE knockout clones, resulting in an increased proportion of GFP-positive cells. As a control experiment, we mixed two wild-type cell populations that just differ in GFP expression or cells with KO of the control region containing no genes or conserved elements. Testing 20 different control clones showed variations in the proportion of GFP-positive cells that is consistent with the existence of "winner" and "loser" cells in the population but showed no systematic trend that one cell population always wins or loses, as expected. Next, for each of the UCE KOs, we tested 4-6 different clones individually to allow statistical analyses. Surprisingly, the results showed that 9 out of 15 UCE KO clones outperformed the wild-type cells, whereas in only one experiment the wild-type cells won the competition assay against the KO clone ( Figure  2C ). Hence, many KO clones showed a tendency to overgrow mES-GFP cells, but clearly rejected the hypothesis that UCE KO negatively affects cell growth and survival. Overall, we conclude that clones with a deletion of the three UCEs that were most likely to induce growth defects behaved indistinguishably from their wild-type counterparts in the direct competition assay. 
UCE knock-outs have no effect on stress tolerance
While many developmental genes have multiple, seemingly-redundant enhancers that can compensate for the deletion of a single enhancer (Lagha et al. 2012) , phenotypic effects of single enhancer KO can be revealed under stress conditions, where buffering by the remaining enhancers is less efficient. For example, while shadow enhancers of Drosophila shavenbaby buffer the effect of single enhancer deletions on larval trichome development at optimal temperatures, a significant loss of trichomes occurs under stress induced by low or high temperatures (Frankel et al. 2010) . To test whether UCE deletion clones have a lower capacity to tolerate stress, we measured mESC viability under non-standard culturing conditions ( Figure  3A ). To this end, we subjected cells to temperature stress, oxidative stress, acidification and treatment with ethanol, using a stress intensity that impairs growth of wildtype cells but does not abolish it. For these experiments we employed UCE KOs with multiple available clones to account for potential clonal variability. The difference in the number of viable cells between stress and normal conditions are shown on the Y-axis. Mean and standard variation was calculated from 3 replicates. All tested clones are displayed along the X-axis. We tested multiple clones with the same UCE deletion to control for clonal variation and pipetting error. Alternating colors mark groups of the clones with the deletion of the same UCE. Wild-type clones or cells with KO of the control region are shown on the right (dashed line). Multiple t-test was performed to compare the difference between cell number in control and experimental conditions. Significantly different clones are marked with a red asterisk, FDR 1%.
First, since various "cold shock" treatments have been shown to influence viability (Wang et al. 2017) , differentiation potential (Belinsky and Antic 2013; ; Saito et al. 2013) , and DNA integrity (Guo et al. 2018 ) of human and mouse stem cells, we cultured UCE-KO clones at a lower temperature of 35°C. Of the 122 clones examined, only one clone with a deletion of uce283 showed a significant decrease in viable cells numbers under stress conditions. However, three independent clones with the same UCE-KO were not affected ( Figure  3B ), suggesting that the effect is caused by clonal variability rather than a phenotype of the deleted UCE. As a second stress condition we grew the cells at low pH. Medium acidification is known to cause DNA damage due to lactate accumulation (Jacobs et al. 2016) , and allows to test for metabolic, genome instability and DNA repair deficiencies among knock-out clones. We kept experimental plates with all available homo-and heterozygous clones without medium change for a week, resulting in acidification, while the medium in control plates was changed every day. Of all 122 clones, none was significantly affected by acidification ( Figure 3B ). Third, ethanol treatment was applied, which has adverse effects on the developing embryo (Arzumnayan et al. 2009 ). After cells were subjected to treatment with 1% ethanol for 48h, one clone with a uce470 KO showed a significant growth defect, but the second clone with the same deletion grew normally ( Figure 3B ), again arguing against a reproducible phenotypic consequence of the UCE deletion. Fourth, we subjected cells to oxidative stress, which affects many cellular activities. We started by seeding cells in a medium with a low dosage of H2O2 13 (12 µM). Of the 122 clones, one clone with a uce10 KO exhibited a reduced number of viable cells comparing to the growth of the same clone under normal conditions ( Figure 3B ). However, this clone was one out of three clones with independent deletion of the same UCE, again most likely indicating clonal variability instead of real stress susceptibility.
In summary, exposure of the clones with UCE KOs to various sub-lethal stress conditions showed no significant decrease in cellular resistance to the environmental fluctuations. From this data we conclude that UCE deletions do not affect resistance and robustness of mESCs to the tested stress conditions.
UCE knock-outs have no effect on stem cell differentiation
Based on the observation that UCEs are often located in proximity to developmental genes, it has been hypothesized that they may function during embryo development and cell differentiation (Nobrega et al. 2003; ; Bejerano et al. 2004; ; Woolfe et al. 2005) . In addition to the 54 UCEs overlapping putative enhancers in ESC, we selected 26 UCEs that overlap potential enhancers in more differentiated cell types. Knock-outs of these UCEs might not influence mESC viability under self-renewal culture conditions but may result in different phenotypes upon differentiation. Therefore, we initiated differentiation of all mESC clones through embryoid body (EB) formation, which gives rise to derivatives of all three germ layers (Doetschman et al. 1985; ; Leahy et al. 1999; ; Wang and Yang 2008; ; Poh et al. 2014) . We reasoned that an effect on differentiation would be detectable via altered expression of key genes involved in establishment of different cell types. To assess the fidelity of differentiation and detect any potential deviations from this process, we used the NanoString platform to measure the expression of 95 pluripotency and germ layer marker genes as well as 122 neighboring genes (Supplemental_Table_S3) that could be regulated by UCEs after initiation of differentiation ( Figure  4A ). First, we analyzed 12 samples from non-differentiated cells and 15 EBs derived from WT or heterozygous clones. The results showed that pluripotency genes were reproducibly downregulated, while differentiation marker genes for all lineages were consistently upregulated (Supplemental_Figure_S3), confirming that the differentiation protocol worked as expected. Next, we analyzed a total of 88 EBs representing clones with deletions of 66 UCEs, using expression of pluripotency and differentiation marker genes to detect possible deviations from the controls (Supplemental_Table_S3). Unexpectedly, we found that EBs from different UCE knock-outs showed no consistent variation in gene expression ( Figure 4B ), even for UCEs that overlapl enhancers and/or binding sites for important pluripotency transcription factors.
We then analyzed the 122 genes located in the vicinity of the UCEs, as they may be regulated by these elements. We found that 80 of these 122 genes are expressed in mESC and EBs, but only one gene (Prrxl1) was confirmed to have changed expression in clones where the respective UCE (uce283) was deleted ( Figure 4C ). Uce283 is located 650 bp downstream of the transcription start site, and thus overlaps with the proximal promoter of Prrxl1, a gene that is required for the establishment of the neuronal sensory relay and nociceptive circuits in the spinal cord (Rebelo et al. 2007 ). Deletion of uce283 caused an upregulation of Prrxl1, which is normally not expressed in mESCs or differentiated EBs.
Upregulation upon UCE deletion can be explained by the fact that the proximal promoter of Prrxl1 mediates self-repression (Monteiro et al. 2014 ), suggesting that the deletion likely removed binding sites required for Prrxl1 repression.
In summary, none of the tested UCE KOs showed a prominent difference during in vitro differentiation. Furthermore, only the deletion of one promoter-overlapping UCE resulted in a consistent expression difference of UCE associated genes. Apart from this special case, no other UCE deletion caused an effect on expression or differentiation of marker genes, which is inconsistent with the idea that UCEs function as enhancers during early development.
Deletion of multiple UCEs has no adverse effects
Redundancy of UCEs, that is the presence of multiple elements with similar and overlapping functional roles, has been proposed as a possible explanation for the lack of phenotypes after deleting single UCEs. Consistent with enhancer redundancy being an important factor, previous studies found that deletions of single limb or eye enhancers did not lead to a detectable phenotype, while the deletion of pairs of enhancers resulted in measurable phenotypic defects (Antosova et al. 2016 ). Therefore, we tested the effect of deleting more than one UCE in the same cell. Since UCEs preserve synteny and distances between themselves and flanking genes (Simons et al. 2006; ; Sun et al. 2006; ; Li et al. 2018) , we selected 32 pairs of UCEs located in the same genomic locus that are associated with the same genes ( Figure  5A ). We analyzed a total of 2454 clones with 76 clones per UCE pair on average ( Figure 5B ). For all 32 pairs of UCEs, we were able to obtain clones with a homozygous deletion of both UCEs, as confirmed by PCR and sequencing (Supplemental_Table_S4). The clones with double deletions were viable and stable under normal culture conditions. Although minor differences in the growth speed and morphology were observed, they did not exceed the degree of normal clonal variation. Next, we generated 27 triple and 9 quadruple deletions of UCEs located on the same chromosome, as well as clones with three different combinations of five homozygous deletions ( Figure  5C ). Again, the obtained cells had normal growth rates and morphology, indicating that multiple UCEs can be deleted in mESCs without obvious consequences. In summary, we show that mESCs can tolerate deletions of multiple UCEs without detectable phenotypic changes or growth deviations. Thus, redundancy between UCEs does not seem to be a general factor that can explain the lack of observable phenotypes of single UCE deletions.
Additional copies of UCEs do not affect mESC growth and viability
UCEs have been shown to be significantly depleted in copy number variations, raising the possibility that the diploid ratio of the UCEs might be important for genome stability (McCole et al. 2014; ; McCole et al. 2018) . Based on these observations, we tested whether UCE copy number and localization within the genome are important by inserting additional UCE copies into the genome of mESCs. If the extra elements are unfavorable for the cells, one would expect reduced cell proliferation, lower cell fitness or elevated cell death. We introduced four different UCEs or as a control a non-conserved non-exonic sequence and an empty vector into cells individually or combined using a piggyBac system ( Figure  6A ). Using a transposon-transposase ratio that generally results in stable integration of multiple copies (up to 15 per cell) ; Saridey et al. 2009; ; Kahlig et al. 2010; ; Lu and Huang 2014) , we generated six cell lines with different integrates. After allowing the transfected cells to grow for one week, we counted viable cells in each well. Strikingly, we observed no significant differences between the number of cells with additional copies of UCEs or control regions ( Figure  6B ). Thus, similar to the deletion of UCEs, insertion of additional UCE copies does not affect mESCs growth or viability. The insert carried by the integrated piggyBac vectors are specified on the x-axis, with 'UCE mix' referring to the integration of vectors that carry uce5, uce8, uce71 or uce444. Ordinary one-way ANOVA test was performed to analyze the significance of the mean differences between cells with additional copies of UCE and empty piggyBac-U6 vector. ns -not significant.
DISCUSSION
Here, we systematically investigated the influence of deleting UCEs on viability, fitness and developmental potential of embryonic stem cells. By targeting 93 UCEs representing 25% of all non-exonic UCEs, we show that clones with homozygous deletions of UCEs have a fitness comparable to wild-type cells, both under normal and stress culture conditions. UCE deletion clones were also indistinguishable from wild-type cells during early stages of in vitro differentiation. Finally, deletions of multiple UCEs or random integration of additional UCEs produces no obvious phenotype. Overall, we did not find a single UCE deletion that exerts a consistent and measurable phenotype on mESCs biology. It therefore remains mysterious why these extremely constrained non-exonic genomic regions can be deleted without apparent phenotypic consequences. However, several points should be considered that deserve future investigation.
First of all, technical limitations might have contributed to the inability to observe phenotypes. In order to identify knockout clones, we had to rely on single cell sorting. This process might have influenced the results, in case only very robust cells were able to survive this selection procedure. Second, while we found no effect of UCE deletion on proliferation, morphology and viability of mESCs, it is possible that deleting UCEs in other cell types results in measurable cellular phenotypes. Third, the previously found smaller size of animals after 20 deleting two UCEs near Arx (Nolte et al. 2014; ; Dickel et al. 2018 ) could be evidence for the involvement of UCEs in the crosstalk of different cells, as sensing and coordination between cells influences organism size (Gokhale and Shingleton 2015) . Consequently, interactions between different cell types in tissues and organs might be of future interest. For such investigations, our set of UCE-KO ESC clones represents a valuable resource.
All in all, the most remarkable result of our work is that deletions of UCEs do not lead to any detectable effects in mESC, despite targeting a large set of 93 UCEs and performing comparisons under a number of different conditions. Moreover, our results do not support hypothesis that UCE copy number and localization might be crucial for mESCs and suggest that redundancy is not a general factor explaining why individual UCEs can be deleted without resulting in measurable mESC phenotypes. Our results are consistent with previous studies that observed no phenotype upon deleting few selected UCEs;; however, the large sample size and extensive analyses justify more general conclusions. We believe that our results will fuel greater interest into this topic to better understand the connection between evolutionary sequence constraint and its biological function.
METHODS
UCE annotation. The list of UCEs was downloaded from the UCSC genome browser
custom track ct_Ultra_7128 of Human Build 35 (hg17) (access date: December 2015).
Genomic UCE coordinates in the mouse mm9 and mm10 genome assemblies and the human hg18 and hg19 genome assemblies were obtained by aligning the UCE sequences using BLAT. We downloaded regulatory genomic annotations for human embryonic stem cells (H1-hESC), human endothelial cells (HUVEC), mouse brain (C57BL/6-strain, 8-week-old), and mouse embryonic stem cells (E14Tg2A). The human data was downloaded from UCSC Genome Browser tracks wgEncodeAwgSegmentationCombinedH1hesc (hg19 genome assembly, access date: January 2016) and wgEncodeBroadHmmNhekHMM (hg18 assembly, access date: January 2016). Mouse data was downloaded from the GitHub repository https://github.com/gireeshkbogu/chromatin_states_chromHMM_mm9 (access date: January 21 2016). Genomic regions bound by Oct4, Sox2 or Nanog were downloaded from (Gifford et al. 2013; ; Whyte et al. 2013; ; Galonska et al. 2015) . We intersected these annotations with the UCE coordinates to select 93 UCEs. The control genomic region that is devoid of genes or conserved sequences is chr10:72191211-72191615 in the mouse mm10 assembly.
Cloning sgRNAs into a piggyBac vector. sgRNAs were designed for the regions spanning 300 bp up- and downstream of the chosen UCEs or control regions that is devoid of genes or conserved sequences (named BR10 and BR11) using the weight matrix from (Doench et al. 2016) . All sgRNAs used in this study are listed in Supplemental_Table_S5.
PiggyBac and transposase vectors used in this study were purchased from System Bioscience. Selected sgRNAs for all target UCEs and control regions were cloned into the piggyBac-U6 vector (#PB510B-1, modified).
For cloning, two sgRNAs with U6/H1 promoters were used: Forward: PCR amplification was performed according to the PrecisionX Multiplex gRNA Cloning Kit (System Bioscience). BbsI-linearized piggyBac-U6 backbone was mixed with purified PCE product in a vector:insert 2:1 ratio and was directly used for transformation of One Shot MAX Efficiency DH5α-T1 Competent Cells (Invitrogen).
All the constructs were confirmed for the inserted sequence in both orientations using forward (5' GGCCTCCAAGGCCACTAG 3') and reverse (5' ATCCTTCGCGGCCGCAAA 3') primers.
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ES cell culture. Mouse ES cells of cell line E14 were maintained in Dulbecco's modified Eagle medium (Invitrogen GmbH) supplemented with 15% ES specific serum (Panbiotech), 0.1 mM nonessential amino acids (Invitrogen), 0.1 mM 2-mercaptoethanol (Invitrogen), 100 lg/ml penicillin⁄∕ streptomycin solution (Invitrogen), and 1000 U/ml leukemia inhibitory factor (LIF;; produced in MPI-CBG). Cells were passaged every 2 days and maintained at 37ºC and 5% CO2. The medium was changed every day.
Transfection. E14 cells were transfected using Lipofectamine 2000 (Invitrogen)
according to manufacturer's instructions in a "reverse" manner, where the transfection mix is added directly to cell suspension prior to seeding the cells. We used a piggyBac vector : transposase ratio = 2:1. After 24 h, cells were washed with PBS and the medium was changed to the selection medium. Selection of transfected clones was obtained with 400 μg/ml geneticin (Invitrogen) or 2 μg/ml puromycin (Invitrogen).
Single cell sorting. Cells were harvested and re-suspended in sorting buffer (1X PBS+1 mM EDTA+25 mM HEPES+1% BSA). Cells were sorted by FACS Aria II and III cell sorters (BD Bioscience). Cells were sorted on PI marker at 4°C and plated on 0.1 % gelatin coated 96-well plates filled with normal medium.
Identification of mono- and bi-allelic deletions. Genomic DNA extraction and PCR
for deletion detection was performed using Phire Animal Tissue Direct PCR Kit (Thermo Scientific) according to manufacturer's instructions. All PCR primers are presented in Supplemental_Table _S6. PCR products were visualized by 2% agarose gel electrophoresis.
PCR products with suspected bi-allelic deletions were sequenced directly with the PCR primers. Sequencing was carried by Eurofins Genomics.
Cell growth competition assay. The pool of GFP positive cells was mixed with the tested clones in equal proportions (2500 cells each) in one well of a 96-well plate. Cells were split every second day in a 1:10 ratio and the GFP percentage was monitored using MACS Quant for a total of 18 days. As a control, we used WT mESCs and cells with KO of region that is devoid of genes or conserved sequences (position in mm10 chr10:72191211-72191615). In addition to the mixed populations, all clones were seeded individually to monitor their normal growth. Results were analyzed with the FlowJo Analysis Software. Samples were removed from the analysis if GFP% in starting populations was >60 or <40, as the mixture was not equal anymore. To assess changes in GFP percentage over time, a linear regression analysis was performed in GraphPad Prism 6 (GraphPad Software), p<0.01.
Stress induction experiments. Available clones with deletions and control wild-type
cells were seeded in 96-well plates, and then divided into two groups with three biological replicates each. We tested multiple clones with the same UCE deletion. When only one clone out of multiple showed a significant effect, this effect was attributed to clonal variation or pipetting error. As a control, we used WT mESC, cells with Cas9 and clones transfected with sgRNAs for uce42 or uce291, but without deletions. Viable cells were counted based on staining with 10 µg/ml PI (Molecular Probes, 1mg/ml) using FACS Calibur (BD Biosciences) in high-throughput mode. To assess whether there is a significant difference in cell number between standard culture conditions and stress conditions, we used a t-test (implemented in the GraphPad Prism 6 Software) and computed the false discovery rate (FDR) to correct for multiple testing.
We tested the following stress conditions. For low temperature stress, the experimental group was placed in the incubator at 35°C, and cells from the control group were kept at 37°C. Viable cells were counted after 1-week incubation. For medium acidification, experimental plates with all available homozygous and heterozygous clones were kept without medium change for a week, while in the control plates medium was changed every day. For cytotoxic stress, absolute ethanol was added to ES medium to achieve a concentration of 1% and cells 24 were either seeded in this medium or normal medium with corresponding volume of water.
Cell viability was accessed after 48 h. In the control group, the medium was also changed twice. For oxidative stress, cells were seeded directly in the medium with 12 µM H2O2 and counted after 48 h. EB formation. EB formation induced by the hanging drop method was carried out according to the protocol (Wang and Yang 2008) with modifications. To initiate EB formation, mESCs were dissociated into single cells with 0.1% trypsin-EDTA (Invitrogen) and cell suspension droplets consisting of 400-500 cells in 20 μl of mESC medium without LIF were hung on the lids of 150 mm culture dishes (Corning). 8-12 embryoid bodies were formed from each clone. After two days, the EBs were transferred into a 96-well ultralow attachment plate (Corning) and left undisturbed for 3 days. For ESC three germ layer differentiation, EB cultured in suspension conditions were moved into 0.1% gelatin-coated 96-well tissue culture plates. mES medium without LIF supplement was changed every other day until day 12 when cells were harvested, trypsinized and used for further analysis.
NanoString gene expression analysis. A list of all tested genes is presented in
Supplemental_Table_S5. Probes for gene expression assay were designed by the NanoString support team. Sample preparation was carried according to manufacturer's instructions from nCounter Vantage RNA Assays with Core TagSet + Extension TagSet protocol. For those UCEs where multiple deletion clones were available, we induced EB formation separately for the clones but mixed the lysates before the analysis. Probes were processed on an nCounter Prep Station and nCounter Digital Analyzer (NanoString Technologies).
For data analysis we first assessed the quality of the obtained data with the nSolver software (NanoString Technologies) and removed all samples with technical errors from the analysis. Reads counts were normalized using the same program based on the expression of 25 housekeeping genes. Second, outliers of the expression of every gene in every EB were identified using GraphPad Prism 6 at an FDR cutoff of 1%. UCE associated genes were considered to be expressed based on NanoString results.
Average maximum expression of negative controls for which no transcripts were present was used to set cut off at 30 counts. UCE cloning into piggyBac-U6 vector. The genomic regions overlapping uce5, uce8, uce71, uce444 , and the non-essential control region (position in mm10 chr9:12136109-12136360) were amplified from E14 wild-type gDNA with MyTaq DNA polymerase with the primers listed in Supplemental_Table_S3. Amplicons were then cloned into TA-vector and then re-cloned into an empty piggyBac-U6 cut with EcoRI. All the constructs were sequenced to confirm the inserted sequence in both orientations using PCR primers.
Viable cell counting. Cells cultivated in different conditions were harvested and stained with 10 µg/ml PI (Molecular Probes, 1mg/ml). Cells were analyzed in a MACS Quant analyzer (Miltenyi Biotec) in 96-well format with the same established settings. All the experiments were done in three replicates and results analyzed using FlowJo Analysis Software.
